Abstract: A completely decentralised observer-based control scheme for interconnected dynamical systems is proposed. The scheme requires no information transfer among the subsystems, local observers or local controllers and applies equally to systems with known and/or unknown disturbances. It is shown that each local observer asymptotically converges to the true state of its corresponding subsystem an4 on satisfaction of some mild controllahility and observability conditions, local stabilising feedback controllers can be designed in isolation of the local observers. A numerical example with simulation results is given to illustrate the effectiveness of the new approach.
Introduction
The ability to control an interconnected system by decentralised state feedback depends crucially on the availability of states at each subsystem. In most practical cases, either the states of a subsystem are not completely accessible for measurement or the cost of measurement is prohibitively high. In sucb cases, a state-estimation scheme may he required to estimate local states for local feedback. Thus observer-based decentralised control involves the design of decentralised observers and controllers.
Results in the area of decentralised state estimation were first reported by Aoki and Li [I] . Later Siljak and Sundareshan and Elbanna [9] reported different approaches for the synthesis of state estimation schemes. However, these schemes require information transfer among the local observers.
To eliminate the need for information transfer among the local observers, Viswanadham and Ramakrishna [IO] , Ficklscherer and Muller Ill] and Saif and Guan [I21 employed the unknown-input observer theory, where interactions between a given subsystem and the rest of the interconnected system are considered as unknown inputs. Although the resulting schemes require no information transfer among the local observer or subsystems, restrictions regarding the rank of the interconnection matrices apply.
In the present paper, a totally decentralised state-estimation-based control scheme for interconnected systems with known and/or unknown inputs and/or disturbances is proposed. The scheme is based on an association of two methodologies, that of Aldeen [I31 and Aldeen and Trinh [I41 for system decomposition and decentralised control, and that of Hou and Muller [15] for unknown-input-state observer design. When combined, these particular metbodologies offer a practical solution, with only mild restrictions, to the problem of decentralised control.
As shown by Aldeen and Trinb [14] , a procedure is proposed for decomposition of a global system into its basic components. It is shown that, under some mild conditions, local control to each subsystem gives decentralised-control performance which is satisfactorily close to that obtained using an equivalent centralised controller. With this decomposition, local observers may be designed which do not require any form of intersubsystem communication. Design for both local controllers and local observers are based on the decoupled subsystem descriptions, but the two designs may proceed independently, the local observers to have arbitrary dynamics and the set of local controllers to assign arbitrarily selected dynamics to the closed-loop system.
The only restrictions which apply for the local observers are that (i) the number of unknown inputs must be less than the number of local measurements, and (ii) the local observers and the global system must not share a common eigenvalue.
Since the dynamics of the observers and the controllers are arbitrarily assigned, the second restriction is easily avoided.
Since the method offers a decentralised implementation of centrally designed control systems, it is suitable for use with any of the well established strategies such as pole placement or optimal control. In this paper, a full statefeedback optimal controller is projected onto a decentralised incomplete state-feedback controller using the Moerder and Calise [I61 algorithm.
Statement of the problem
Consider the following linear time-invariant interconnected dynamical system with unknown inputs:
where x E R", U E R', v E Rq and y E R" denote the state, control input, unknown input and-output vectors, respectively. Matrices A , B, E, C and D are constant and realvalued with appropriate dimensions.
Let the system described by eqns. 1 and 2 be composed of N subsystems. The ith subsystem (i= 1, 2 The problem is to design a totally decentralised observer-based control scheme comprising N local observers and controllers so that (a) the closed-loop system has satisfactory dynamics, and (b) no information transfer among the subsystems, local observers or local controllers takes place.
A three stage design procedure is proposed.
Stage 1: derivation of a dynamical model for each subsystem;
Stage 2: design of a local observer for each subsystem; Stage 3: design of a local state-feedback controller for each subsystem so that satisfactoly global closed-loop performance is obtained.
Derivation of subsystem models
The development of a model for each subsystem is fully discussed by Aldeen [13] and Aldeen and Tnnh [14] . A summary of the procedure is given in Appendix 1 (Section 9.1). As a result, a model for the ith subsystem may be expressed as ti(!) = Airi(!) +B,u;(t) +E&) 
Decentralised observer
Define the following transformation:
The (n$nj) transformation matrix T, may be defined as
where Q; E R"ifi"2-4') is an arbitrarily chosen matrix such that T, is nonsingular, and w ;~ E Rna-4f and wiz E R". The nonsingularity of Ti is guaranteed if Qi is chosen as Q;=nuIl(E;), since Ei bas full column rank, by assnmption.
Accordingly, the ith subsystem model described by eqns. 5 and 6 is transformed into wi(t) = Hiwi(t) + Riui(t) + Siv;(t) ~i ( t ) = Giwi(t) + Diui(t) (9) (10) The choice of T; in eqn. 7 guarantees that where Iqi is an identity matrix of dimension qi.
Next perform the partitions
where H .
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Define an (mixmi) constant matrix U; as
where Pi E RmJ(mj-q,). The matrix U, can be made nonsingular with an appropriate choice of matrix P,. Provided that matrix Giz has full column rank, P; = null(C;.,) guarantees that U, is nonsingular.
Now write
IEEPmc. (20) Note that Uiz and therefore an output measurement in the form of eqn. 18 for the system of eqn. 19 Eqn. 22 now represents a standard linear system and eqn. 18 can be considered as its output measurement. If the pair {(Hill -Hilz Uil Gil), (Uzz Gil)} is observable, areducedorder local observer for the ith subsystem can be designed. Using a conventional Luenberger observer-design procedure, the following decentralised observer is constructed
It is clear from eqn. 23 that, if& is chosen suitably to make ni stable, then dil + wil. as t + ca. This implies asymptotic tracking and convergence, which may be proved by defining the subsystem state estimation error as (26) w . -w . -w . From eqn. 27, it is clear that, if matrix ni is stable, then the error decays asymptotically to zero.
Remark I : The decentralised observer outlined above is equally applicable to systems with interdependent inputs described by In this case, the set of unknown inputs and control inputs from the other subsystems must be lumped together as follows:
where Eqn. 28 is in the same form as eqn. 3 . This means that the decentralised-observer scheme outlined above is also applicable to systems described by eqn. 28. In this case, the condition: mi> r + q -ri must be satisfied.
Decentralised controller
Define a set of local state-feedback controllers as Eqn. 46 represents the ohserver-based closed-loop system, with F being the output-feedback matrix that needs to he found so that the system has satisfactoly dynamics. This is a standard static output-feedback-control problem, where I may be found using pole placement [I71 or optimalcontrol approaches [18] . . . where Ql is an (n x n) open-loop state-weighting matrix. In this paper the state-weighting matrix Ql is chosen according to the approach reported in [19] . As a result the following F I is obtained As a result, the following output controller is obtained: Although the final dominant pair of complex eigenvalues is to the right of those of the state controller, they compare very favourably with the open-loop case, where the dominant pair is located at -0.2ij0.3. As a result, a marked improvement in the output response is achieved.
Obviously, the degree of performance improvement over the open-loop case is dependent on the design of the state controller, which follows from the decision on placement of the closed-loop poles. It is therefore important to point out that this example serves to demonstrate the applicability of the proposed design method and how it can be used, rather than achieving a measured degree of closed-loop performance.
Simulation results
The decentralised observer has been simulated for step responses in the inputs to the two subsystems, taken one at a time. Fig. 1 4 show the output responses yl(1) and y1(2) of the first subsystem to unit step changes in subsystems 1 and 2, respectively. y z ( l ) and y2(2) of the second subsystem to unit step changes in subsystems 1 and 2, respectively. It is clear from these Figures that the output performance of the two subsystems i s improved using decentralised observer-based controllers, despite the fact that the system is disturbed by an unknown input and no information transfer of any kind takes place.
Conclusions
A new decentralised state observer-based control scheme for interconnected dynamical systems with unknown inputs is presented. The scheme is based on derivation of models for each component of the interconnected system, using singular perturbation and modal analysis. First, local observers are designed for each component, based on the derived model. Then local controllers are designed for each component. It i s shown that the decentralised observer converges to the true state of the original system regardless of the initial condition of the observer or of the original system. It is also shown that a decentralised controller can be designed in isolation of the decentralised observer, In addition, it is shown that: (i) the decentralised observer-based control scheme does not require any form of information transfer among the subsystems, local observers or local controllers; and (ii) the scheme applies to systems with known and/or unknown disturbances.
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A numerical example of two interconnected subsystems is given, where a decentralised observer and a decentralised controller are designed in isolation from each other. Simulation studies show that the proposed scheme can he used to stabilise or improve the performance of interconnected dynamical systems.
Appendices
9.1 Appendix I Consider the system described by (ii) the polynomial matrix
contains no common factor (s -).Ai); j = 1,2,. . . , nA2 (i.e.
there is no zero cancellation of the eigenvalues of A,); and (iii) all eigenvalues of A and A2 are simple or, if repeated, then the repeated eigenvalue must have a simple degeneracy, q = 1 associated with it, i.e. the following condition mnst be satisfied Theorem 2: In the event that either A I or A2 or both have a repeated eigenvalue 1. with associated degeneracy q. then the system described by eqn. 59 is completely controllable iff the input matrix has at least 9 linearly independent columns which are not orthogonal to the eigenvectors associated with 2, where the degeneracy q is defined as on page 255 of [20] .
Proof of Theorem 1; The transfer matrix of the system is determined as
For the system to he completely controllable, no zero-pole 
Remark 1:
The tests which arise from the controllability conditions may he carried out at the subsystem level. The implied reduction in dimension results in computational savings. Remark 2: if AI2 = 0 and the eigenvalues are all distinct, then the condition for complete controllability is reduced to having the pairs {Al, B , } and {A2, B2} controllable, as expected. The pathological nature of the condition (ii) implies that the likelihood of having an A12 which would introduce a zero-pole cancellation is remote. Therefore, in practice controllability of the global system of eqn. 59 is highly likely if the pairs {AI, B l } and {A2, B2} are controllable.
